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The performance of a telescope of Micro-Strip Gas Chambers
(MSGC) has been studied in a beam of pions. Detectors with dif-
ferent anode pitch and with di�erent substrates have been oper-
ated using several gas mixtures. The position resolutions obtained
by reading out the cathodes for the 200 �m pitch is 42 �m. For
the 400 �m pitch detectors the resolution is 42 �m after correcting
the centroid positions with a function derived from the data.

I. Introduction

Micro-Strip Gas Chambers were �rst proposed by A. Oed [1]. Their key com-
ponent is the substrate, a resistive layer with a pattern of narrow parallel
electrodes printed using techniques developed for the microelectronics indus-
try. They operate reliably up to high rates (106mm�2sec�1) and give excellent
position resolution (� 40 �m) for tracks at normal incidence. The requirements
for tracking detectors that will operate at the next generation of accelerators
are well satis�ed by MSGCs. Extensive studies of these detectors have been
carried out in the laboratory [2] { [5] and in test beams [6] { [12] although their
use in experiments has been limited. [13], [14] The CMS [15] experiment at
the LHC is committed to use a system of over 10 million channels of MSGCs
for tracking outside the pixels and silicon microstrip detectors. Parameters
that have received considerable attention in the study of MSGCs include the
position resolution and its angular dependence as well as the ability to identify
two closely spaced MIPs. The signal amplitude and the aging of the detector
have been studied for di�erent gas mixture. Less attention has been given to
the performance of MSGCs when the pitch of the detector is changed. We are
presenting here the performance of chambers with a 400 �m as well as the
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conventional 200 �m pitch tested with 8 di�erent gas mixtures of DME with
Ar or Ne.

II. Experimental Setup

A. The Beam

The beam test was carried out with four MSGC units at a time. Three scintilla-
tion counters in coincidence de�ned the trigger. No external tracking telescope
was available. The gas for the chambers was supplied by an open type sys-
tem and the mixing was controlled with mass owmeters; this system does
not conform with clean gas system criteria [16]. Each MSGC was mounted
on an aluminum frame, which was installed on an aluminum reference table
(Figure 1) with special attention placed on avoiding relative rotations of the
substrates. This test was carried out in a test beam using a 5 GeV/c pion
beam at the AGS at Brookhaven National Laboratory during the �rst half of
1995. The beam had a divergence of a few mrad with incidence perpendicular
to the detectors, with electrodes positioned horizontally. Beam rates through
the telescope were 10 to 50 kHz and the data were recorded at 10 Hz by a
CAMAC based data acquisition system. About 10 million triggers were logged
during this test.

B. Detectors

The detectors are built on 10 � 10 cm2 substrates of Desag D-263 or Schott
S-8900 glass plates of 0.3 and 7 mm thick respectively [17]. The sensitive area
covers 32 � 64 mm2 equally subdivided into a region with 80 electrodes, sep-
arated by 200 �m, and a region of 40 electrodes with a pitch of 400 �m. The
anode width is 10 �m and the anode-cathode gap is 60 �m. The anodes are
connected on the substrate in 10 groups of 8 and 4 for the 200 and 400 �m pitch
regions respectively. Anode groups and individual cathodes are then fanned
out and extended to the periphery of the substrate for easy connections to
the electronics. A gas volume, 3 mm high, is de�ned by a Noril spacer and a
drift electrode made of a plastic window with transparent conductive coating.
The gas seal is made with an O-ring. The same aluminum frame on which the
MSGC is mounted, also positions the electronics board relative to the sub-
strate, one board at each end of the electrodes. Connections between detector
and electronics boards are made by elastomer connectors [18] (rather than mi-
crobonding), which allow either substrate or electronics boards to be replaced
quickly. The modular design facilitates the testing of di�erent con�gurations.
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C. Readout Electronics

The board distributing the HV also carries two hybrid 8-channel preampli-
�ers [19] and a 150 pF decoupling capacitors for each channel, to read out
groups of anodes (more detail can be found in ref. [12]). The cathodes are
kept at ground potential and read out by 4 hybrids using Fujitsu common
base preampli�ers, totaling 32 channels. The 32 channels can record the in-
formation of 120 cathodes because each channel reads 4 cathodes which are
separated by 30 cathodes. Ambiguities are resolved using the information of
the anodes so that the hit position is uniquely determined. The absolute gain
of the readout system is measured by injecting, with a pulser, a calibration
charge on a capacitor located at the input of each preampli�er channel. From
the preampli�ers, the signals are transported 30 m with a coaxial cable to
shaper-ampli�er boards and after another 30 m of cables they are digitized
with CAMAC ADCs (LRS 2229A). Each of the four chambers has 48 readout
channels for a total of 192 ADC channels. The gate to the ADCs was set to
75 ns. The noise of the readout system has been measured to be about 5000
electrons equivalent r.m.s., and the gain to be approximately 1100 electrons
per ADC count. The linearity of the system, measured with the test pulse,
was better than 2%.

III. Analysis and Results

The cathodes measure the charge distribution generated by an avalanche in
the MSGCs. This information is used to form a cluster which is de�ned as
a sequence of one or more cathode channels with content greater than three
sigma above the pedestal value of the same channel. The content of the ADC
has been corrected for channel to channel gain variations in the read out chain.
The distribution of cluster multiplicity from the data for MIP particles through
the 200 and 400 �m regions are given in Figure 2. In the following, we call
the hit the center of mass (centroid) which we assume, to �rst approximation,
represent the position of the track. We de�ne tracks as events with three
chamber hits along a straight line.

A. E�ciencies

The e�ciency of a MSGC for detecting a MIP has been measured as a function
of the HV by taking the fraction of events that have a hit in the chamber
under test when there are hits consistent with a track formed using the outer
two chambers. The results are summarized in Figure 3a) for the region with
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200 �m pitch, and the 400 �m �rst in b) for mixtures of Ar/DME, and second
in c) of Ne/DME. These measurements were done using the information of the
anodes. One can observe the same signal on a 200 �m chamber as a 400 �m
one by raising the HV by 100 V. Results using a gas mixture with Ne/DME
have been recently reported in the literature [5], [12].

B. Landau Distributions

Figure 4a) through d) give a direct comparison of the signal amplitude
recorded by reading out the information from both the anodes and cathodes
of MSGCs with a 200 and 400 �m pitch. The �gures show both pedestal and
cluster distribution for chambers operated with 100% DME. The value of the
most probable and of the average charge deposited is shown in units of signal
to noise (S/N). Recently there is interest in using Ne rather than Ar because
of the possibility that Ne reduces and possibly eliminates aging [20]. Figure
5a) through d) shows the signal distributions measured with the anodes of a
400 �m pitch MSGC for di�erent Ne content of the Ne/DME mixture. The
anode HV value at which the four measurements were made has been chosen
to be about 50 V above the knee of the HV e�ciency curve for each gas mix-
ture (Figure 3). All the distributions have been �tted with a skewed gaussian
function of the form:

y = P1exp(�
1

2

(x� P2)2

P3 � P4(x� P2)2
):

C. Position Resolution

We �rst discuss the position resolution measured with the 400 �m pitch cham-
bers and later with the 200 �m pitch. The resolution is �rst measured using
the 3 point technique. Cathode hits were found in a telescope of three identical
MSGCs for high statistics runs taken on the plateau of the e�ciency curve.
A straight line is drawn between the hits of the 2 outside detectors predicting
a hit in the middle chamber. We then generate, for the middle chamber, the
distribution of residuals of the track's position in this chamber with the found
hit. This plot is expected to show a gaussian shape, whose sigma is related
to the resolution of the three MSGCs. Figure 6a) gives such a distribution
measured with MSGCs with a substrate of glass S-8900, 7 mm thick, and op-
erated with 100% DME gas. When a gaussian function is �t to the data in the
range of �2� to 2�, the observed sigma is 81 �m . To calculate the resolution
from this number, one must �rst subtract the contribution of the multiple

scattering and then apply a factor
q
2=3 to account for the resolution of the

4



two outside detectors (assuming the three MSGCs have the same resolution
and the errors are not correlated). The contribution of multiple scattering,
calculated with a GEANT Monte Carlo, is 21 �m. After these corrections the
position resolution, for the 400 �m pitch chamber, is calculated to be 64 �m.

To improve this result, we look at the scatter plot (Figure 7a)) of the position
of the extrapolated tracks in the middle detector (vertical axis) versus the
position of the centroid (horizontal scale) in the same chamber. This scatter
plot superimposes the information of many cathodes over a distance of one
pitch interval (�0.2 mm). In this plot the origin of the axis is the center of the
anode. Rather than observing a continuous band of points along a 45� line, the
data follow an s-shaped curve. This suggests that there is a systematic bias
in the reconstructed centroid relative to the true position of the hit. We use
an empirically derived function to correct this bias, with the distance of the
centroid from the nearest anode as the independent variable. In deriving this
function we must consider the e�ect of the similar bias in the chambers used
to de�ne the track. We account for this by iterating our correction function.
That is, we apply the correction function to the outer chambers and compute
a new bias for the middle MSGC. Because the geometry makes this bias in
the outer chambers relatively unimportant, this procedure quickly converges
to a stable function. Figure 7a) shows superimposed to the scatter plot the
pro�le histograms (average of data binned along the horizontal scale) of the
measurements (diamonds) as well as the function that best �ts the data. The
�tted function and the best �t parameters are given in the �gure caption. Fig-
ure 8a) is the histogram of the data shown in Figure 7a). They show a strong
clustering of the data at the position of the anode, rather than a uniform dis-
tribution. After applying to the centroids the correcting function, the scatter
plot of Figure 7a) is transformed into Figure 7b) which shows a distribution
around a 45� line. The histogram in Figure 8b) shows how the now corrected
centroids �ll the interval of size one pitch more uniformly. The resulting dis-
tributions of residuals is plotted in Figure 6b). A gaussian �t in the range
of �2� to 2� to the distribution with corrected hits has a sigma of 56 �m.
After subtracting the contribution due to multiple scattering and applying

the factor
q
2=3, we obtain a position resolution of 42 �m for a 400 �m pitch

MSGC.

The data from the 200 �m pitch region of the MSGC's, give a resolution
of 45 �m using uncorrected centroids after subtracting the multiple scatter-

ing and including the factor
q
2=3 (Figure 9a). Applying the same correction

procedure as discussed above one obtains (Figure 10, and 11) a position reso-
lution of 42 �m (Figure 9b). We estimate the uncertainty on these resolutions
at �2 �m based on the re-analysis of the data with di�erent selection criteria
and �tting methods.

The major limitations of this analysis are related to the relatively large noise of
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the available preampli�ers. In order to derive the correction function, �ducial
cuts were applied to remove the regions of the telescope where any one of
the three chambers did not operate normally. The interpolation technique is
applicable only in the case that the signal to noise is such that most clusters
contain at least two cathodes. It is expected that a fully e�cient chamber
would always contain at least two cathode channels per cluster. By using
preampli�ers with lower noise than the ones used for the present measurement,
one should be able to achieve the same resolution at lower gas gain. As a test,
we have checked the resolution improvement achieved with our technique on
a run taken at a lower voltage and found a comparable improvement when
single cathode clusters are disregarded.

A previous analysis of data from a 200 �m pitch MSGC using the information
of the cathodes [9] [21], has utilized similar corrections but the improvement
in resolution was not discussed. However, our results are in agreement with
the conclusions presented in that work.

We think that the considerable improvement achieved in the position resolu-
tion of MSGCs with large pitch and using the information of the cathodes
can be explained by assuming that the development of the avalanche depends
on the angle at which the electrons are drifting when the avalanche forms. In
the drift �eld of a MSGC this angle is correlated to the distance of the track
from the anode. The avalanche reects this information which can then be
extracted from the signals induced in the cathodes to calculate a correcting
function. In the case of a MWPC the fact that the avalanche does not develop
uniformly around the anode is well documented and it has been suggested to
exploit this for resolving left right ambiguities in drift chambers [22] { [24].
To our knowledge this is the �rst time that a substantial improvement of the
position resolution has been achieved by using the pulse height information of
the cathodes strips in MSGC. Similar analysis [25] { [28] have been made for
di�erent physical cases, where cathode strips have been used to determine a
coordinate along the wires of MWPCs.

D. Time Resolution

The time resolution of the MSGCs signals has been measured using a TDC
(LRS 2228A). The anodes signals (corresponding to groups of 4 channels)
for the 400 �m region of one MSGC were split such that one of the signals
was analyzed by the ADCs and the other was �rst ampli�ed (LRS621A), then
discriminated (LRS620B) at 20 mV and its time measured relative to the triple
coincidence of scintillator counters. Data were taken using a gas mixture of
Ne/DME (14/86) and with pure DME. Figure 12 shows the combined time
distribution for all the channels of one MSGC for hits on a track. The data,
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which has been corrected for small variations in the length of the readout
chain, shows a gaussian peak and tails associated with the smaller signals.
The time distribution for the mixture of Ne/DME is slightly narrower than
for pure DME. The r.m.s. values are quoted in the �gure. The fraction of
the events contained in a time interval of 25 ns is 92% for events collected
with Ne/DME gas and 90% for the pure DME data. This time resolution is
consistent with previously published values [29].

IV. Monte Carlo Studies

We have developed a two part Monte Carlo simulation of the MSGC to es-
timate the two track separation as well as the position resolution for tracks
not at normal incidence. In the �rst part of the simulation the BNL test con-
�gurations are placed into GEANT. In this step the errors due to multiple
scattering and geometry are accounted for. In the next step an algorithm gen-
erates a charge distribution in the detector and then deposits the charge onto
the MSGCs' electrodes. The charge is generated according to �tted Landau
distributions of clusters measured with the cathodes in a MSGC operated
with 100% DME. The simulated charge distribution has been normalized to
the observed single channel pedestal widths, thus de�ned in S/N units. This
charge is then randomly distributed along a number of points of the trajec-
tory, corresponding to the expected number of ionization electrons per cm.
The spreading of the charge transverse to the trajectory depends on di�usion
and delta rays and it is described by a gaussian distribution whose sigma of
100 �m was chosen to reproduce the observed cluster multiplicity. The derived
number for the sigma of the charge spread is consistent with measured di�u-
sion coe�cients. The charge, is then projected onto cells with width equal to
the pitch of the MSGC and the single channel pedestal noise is added. This
model would better represent the case where the anode signals are read out.
From this information, clusters are identi�ed by an algorithm which requires
clustered channels to be within �5 channels of a maximum and each channel
in the cluster to be 3 sigma above the pedestal.

The e�ciency for two-track separation was studied by generating pairs of clus-
ters at a known distance apart and reconstructing the centroids as before. As
the clusters are brought closer together the centroids become ambiguous and
the two-track resolution is lost. We de�ne the e�ciency of reconstruction of
double clusters as the fraction of events in which both centroids are recon-
structed and whose residuals falls within 2 sigma of the one cluster residual.
A double cluster �nding e�ciency of 95% is achieved for separations of 450 �m
and 875 �m in the 200 and 400 �m respectively.

With the same Monte Carlo we study the e�ect of the position resolution for
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tracks not at normal incidence. In general, the resolution deteriorates strongly
for non-normal incidence. The results of the simulation show that at an angle
of 25� the resolution of 400 �m pitch chambers is 100 �m, a factor of two
better than that of 200 �m pitch.

V. Potential Applications

Reading out the cathodes o�ers a number of option in the application of
MSGCs. For instance, if the S/N is large enough, the rectangular cathode pad
can be subdivided into triangular shapes and from the information of both
sections the coordinate along the electrodes can be derived. The MSGC then
becomes a 2D device. Another possibility is to segment the cathodes along
their length. The signal from each element is carried across the substrate
with plated through hole to a preampli�er and the MSGC becomes a pixel
device. The improvement in position resolution, achieved using the described
correcting function, can also be applied to the Micro Gap Chamber and in
this case too the number of readout channels could be substantially reduced.

VI. Summary

We give here a list of our major results.

� Position resolutions of the order of 40 �m have been achieved utilizing the
cathodes readout information of MSGCs with a pitch of 400 �m (similar
to values obtained with 200 �m pitch chambers). This is possible after
correcting the centroid of the cluster with a function derived from the
data.

� The time resolution of the anode signals from MSGCs with 400 �m pitch
and operated with 100% DME had an r.m.s of 14 ns (and 16 ns for
Ne/DME). An interval of 25 ns includes 92% (100% DME) of the events
(90% for Ne/DME)

� MSGCs with a 400 �m pitch reach full e�ciency well before reaching
break down and their operation is much more reliable than for the 200 �m
pitch ones.

� Our data show that 8 bit ADC resolution is su�cient to apply the inter-
polating technique used with our data to achieve a position resolution of
about 40 �m.

� A simple Monte Carlo calculation con�rms the expectation that the an-
gular dependence of the position resolution is less pronounced (by a factor
of 2) in the 400 �m pitch than in the 200 �m.
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� Given the dependence of the resolution of MSGCs with 200 �m pitch on
the angle of incidence of the tracks the commonly quoted value of the
resolution at normal incidence may not be the most appropriate quantity
when describing tracking with MSGCs for a speci�c experiment. More
signi�cant could be an average resolution which accounts for the geom-
etry of the particular experiment and for the angular dependence of the
resolution in MSGCs. If the occupancy does not require the smallest pos-
sible pitch of the chambers, one could obtain the same overall position
resolution with half the number of readout channels. This also has im-
portant economic implications for large detectors.
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FIG. 1. The experimental setup used at the BNL testbeam.
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fore corrections (a) and after corrections (b). (HV= -2400 V/+760 V, 100% DME,
S-8900). Cathode readout is used. No corrections are applied for multiple scattering
or the resolution of the beam de�ning chambers.
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FIG. 7. Scatter plot of the track intercept versus the cluster centroid for
the 400 �m before corrections (a) and after corrections (b). The position is
plotted as the distance from the nearest anode. The diamond symbols are
the pro�le histogram. The correction function is also drawn in �gure a).
f(x) = p1 � x+ p2 � arctan(p3 � x). The parameters are found by �2 minimization to
be as follows: p1 = �:09mm; p2 = :15mm�1; p3 = 22. In �gure b) a straight line �t
to the corrected data gives �2=ndf= 2.2
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FIG. 8. Histogram of the centroid in the middle chamber as a function of the
distance from the nearest anode, shown before corrections (a) and after corrections
(b). (Same data as in Figure 6.)
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FIG. 9. Distribution of residuals measured with a 200 �m pitch substrate be-
fore corrections (a) and after corrections (b). (HV= -2400 V/+820 V, 100% DME,
S-8900). Cathode readout is used. No corrections are applied for multiple scattering
or the resolution of the beam de�ning chambers.
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FIG. 10. Scatter plot of the track intercept versus the cluster centroid before cor-
rections (a) and after corrections (b) for the 200 �m pitch. The position is plotted
as the distance from the nearest anode. The diamond symbols are the pro�le his-
togram.The correction function is also drawn in �gure a). The function has the same
form as for the 400 �m pitch: f(x) = p1 � x+ p2 � arctan(p3 � x). The parameters are
found by �2 minimization to be as follows: p1 = �:05mm; p2 = :075mm�1; p3 = 41.
In �gure b) a straight line �t to the corrected data gives �2=ndf= 2.3
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FIG. 11. Same as Figure 8 but for the 200 �m pitch section.
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FIG. 12. Time distribution of signals above 20 mV for 400 �m pitch anodes for
pure DME (D-263, HV= -2400 V/+760 V) and a mixture of Ne and DME (D-263,
HV= -2400 V/+730 V).
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